Mammalian outer hair cells (OHC) are believed to increase cochlear sensitivity and frequency selectivity via electromechanical feedback. A simple piezoelectric model of outer hair cell function is presented which integrates existing data from isolated OHC experiments. The model predicts maximum OHC force production to equal 1.25 nN/mV. The model also predicts that the maximum velocity of OHC contraction in situ to be 800 pm/s. These predictions are compared to available experimental data and are found to be in good agreement. The good agreement between the predicted and experimental results suggests that, at the characteristic frequency of a given cochlear location, the OHC receptor current is very efficiently converted into basilar membrane motion.
INTRODUCTION
Over four decades ago Gold (1948) proposed that cochlear tuning and sensitivity is the result of a feedback system consisting of a mechanical-to-electrical transduetion process coupled to a piezoelectric-like electrical-tomechanical transduction process. He pointed out that if the feedback force is in phase with cochlear partition velocity, then the feedback process could enhance cochlear tuning by canceling the forces due to viscous friction. Subsequently Zwicker (1979) created an electronic model could produce enhanced sensitivity and tuning which decreased as sound level increased in qualitative agreement with direct observations of basilar membrane motion (Rhode, 1971; Sellick etal., 1982; Robles et al., 1986) . It is now widely believed that an active feedback process is responsible for normal cochlear tuning and sensitivity as well as nonlinearity [see Davis (1983) , Mountain (1986) , and Patuzzi and Robertson (1988) for reviews].
Several lines of evidence suggest that the cylindrically shaped outer hair cells (OHC) provide the hypothesized feedback. Animal studies show that the threshold tuning curves of auditory-nerve fibers exhibit reduced sensitivity for frequencies near their characteristic (resonant) frequency when outer hair cells are destroyed (Evans and Harrison, 1976; Dallos et al., 1977; Liberman and Kiang, 1978) . Electrical stimulation of the cochlear efferents produces changes in nerve fiber thresholds similar to those seen in the absence of outer hair cells. These findings support the notion of a feedback role for the OHC because the vast majority of afferent fibers synapse with inner hair cells (Spoendlin, 1978 • --R
The surface area of the lateral wall is given by The fraction of the receptor current which is transformed into mechanical motion depends on the impedance of the mechanical circuit and the transfi3rmer ratio. If the mechanical system is a resonant one, then it is possible that its impedance at resonance, when vie. wed through the transformer will be quite low and most of the receptor current will be coupled into mechanical motion. In the extreme case, virtually all of the receptor current could be coupled into mechanical velocity. In this most efficient case, the mechanical system would act as a short circuit and no receptor potential would be measurable in the outer Cells are believed to be tensegrity structures in which structural integrity is maintained by elastic elements under tension (Ingber, 1993 ). This tension, or prestress, is created by the turgor pressure of the cell. In the extreme case of greatly reduced turgor pressure the charge movement and the length change can become completely uncoupled because the voltage-induced area change of the motor molecules is completely offset by folding or buckling of the lipid bilayer. This uncoupling has been demonstrated experimentally by reducing turgor pressure using salicylate which results in reversible reduction of electromotility (Shehata etal., 1991) . In a similar experiment, SantosSacchi (1991) used suction on the patch electrode to reduce turgor pressure. The electrically evoked length change was abolished and yet the charge movement remained demonstrating that the loss of turgor pressure uncoupled these two processes.
Less than perfect coupling between charge movement and length change could also occur if the motor molecules At high frequencies the OHC membrane capacitance will attenuate the receptor potential, but the important problem in the intact cochlea is determining the fraction of the OHC receptor current which gets converted to mechanical motion in the region of the traveling-wave peak. This fraction will depend on the impedance of the mechanical load which can be quite small in a resonant system.
If the OHC contribution to normal cochlear tuning is limited to a localized region near the traveling-wave peak, then the mechanical load seen by the OHCs will be a resonant one. Three lines of evidence, experimental, theoretical, and computational, suggest that the spatial contribution of mechanically active OHCs to tuning at a single point is quite localized. The experimental evidence comes from Cody (1992) who concluded, based on lesion studies, that most of the OHC contribution was from a region of less than 0.5 mm in length. Zwieg (1991) used a theoretical analysis of basilar membrane tuning to estimate the impedance of the cochlear partition and concluded that the OHCs act largely by modifying the impedance of the cochlear partition for frequencies in the tip region of the tuning curve. Our own studies using Hubbard's (1993) computational model of cochlear hydrodynamics also suggest that the OHCs act mainly to modify the partition impedance in the tip region.
The maximum receptor current in an OHC is approximately 1 nA (Mountain, 1986) . If this current were to be completely converted to motion, then the model of (Russell et al., 1986) we estimate that the receptor current for a 1.8-nm displacement is 6.4% of the maximum current or 64 pA. This receptor current would be expected to produce a velocity of 51 /zm/s. This is within 50% of the required value.
The good agreement between the theoretical predictions and the experimental results support the premise that the OHC receptor current is efficiently converted to motion by means of a piezoelectric mechanism and that cycle-bycycle amplification in the cochlea via local electromechanical feedback is feasible. If, however, it turns out that the coupling between receptor current and motion is significantly less efficient than we have assumed, then local feedback models of cochlear function would 'become less tenable. In this case we would be forced to consider models in which the mechanical output of a number of OHCs is coupled to a small region of the basilar membrane, perhaps through fluid flow within the organ of Corti.
